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ABSTRACT 
We previously identified two subclasses of Mutator-like 
elements (MULEs) in Triticum urartu.  Identity of 
nucleotide sequences between the two subclasses was 
less than 60%, showing their clear differentiation.  
Distribution and phylogenetic analyses were carried out 
to understand MULE dynamics and their evolutionary 
history in the Poaceae using these two MULE subclasses 
as clues.  Both MULE subclasses showed patchy 
distribution in the Poaceae, suggesting horizontal 
transfer.  The distribution patterns of both subclasses 
suggested that subclass I and subclass II MULEs 
differentiated before the clade including the subfamilies 
Ehrhartoideae/Pooideae and the clade including the 
subfamilies Panicoideae/Chloridoideae separated.  
Furthermore, the distribution patterns of the two 
subclasses were different, indicating that each MULE 
subclass followed a distinct evolutionary history 
including different transmission (vertical and probably 
horizontal) and loss events.  Phylogenetic analysis was 
performed in each subclass by comparing the nucleotide 
sequences of the conserved transposase region.  The 
phylogeny of subclass II MULEs was almost consistent 
with the phylogeny of the host species, while there were 
a few contradictions when the phylogeny of subclass I 
MULEs was compared to that of the host species.  
Subclass I MULEs of Coelachyrum yemenicum and 
Digitaria showed a remarkably close relationship, 
although these species belong to different subfamilies 
and are distant relatives.  These MULEs demonstrated 
significantly high identity.  Since these species 
differentiated about 28 Mya, this high identity could not 
be explained by simple vertical transmission unless 
strong natural selection can be postulated.  It was 
therefore strongly suggested that subclass I MULE was 
horizontally transmitted between Coelachyrum 
yemenicum and Digitaria.   
 
INTRODUCTION 
The Mutator transposable element was first identified 
through a series of genetic studies of a high frequency 
forward mutation system in maize (1).  Because of its 
high mutagenic activity, it has been utilized as an 
efficient transposon-tagging tool in maize (2).  Mutator-
like elements (MULEs) are distributed in the higher 
plants including both monocots and dicots, and have 
been recently identified in some fungal species.  
Transposases sharing a homologous domain with 
MURA (mudrA product) were also found in prokaryotes.  
Mutator composes a superfamily and is widespread.   
 
The molecular features and transposition mechanisms of 
Mutator have been extensively studied (3, 4).  MuDR is 
4.9-kbp long and possesses terminal inverted repeats 
(TIRs) of ca. 200-bp.  During insertion, a 9-bp 
duplication of the target DNA is generated.  MuDR 
carries two genes, mudrA and mudrB. The former 
encodes the MURA transposase that catalyzes the 
excision of Mutator and the latter encodes the MURB 
protein that is proposed to be involved in the reinsertion 
of Mutator.  The sequence corresponding to mudrB, 
however, has so far only been identified in the genus 
Zea. Transposition activity of Mutator is differentially 
regulated in somatic and germinal tissues.  Mutator 
transposes through the cut-and-paste mechanism in 
somatic tissues, while it appears to transpose either by a 
gap-repair mechanism or by a semi-conservative and 
duplicative transposition mechanism in germinal tissues.  
Consequently, numerous copies of Mutator can be 
accumulated in a given genome. 
 
We previously isolated a transcriptionally active MULE 
sequence from rice and characterized rice MULEs (5, 6).  
Furthermore, we also characterized MULEs in the 
genera of Triticum and Aegilops and other related 
species of the subfamily Pooideae (7).  MULEs in 
sugarcane, rice and Arabidopsis can be classified into 
four clades (Class I to IV).  Another class including a 
MULE, which is named Jittery, is known.  Through the 
study conducted by degenerate PCR followed by 
sequencing and genomic DNA blot analyses, two 
distinct subclasses of MULEs belonging to the MuDR 
class were identified in the genera of Triticum and 
Aegilops.  The average pair-wise identity between 
members of both subclasses in T. urartu was 58.8 % at 
the nucleotide sequence level.  These two subclasses 
were also distributed in rye and barley.  The 
differentiation of these two subclasses probably occurred 
before or immediately after the establishment of the tribe 
Triticeae.   
 
It was reported that MULE is widespread within the 
Poaceae (8).  In the present study we performed a series 
of experiments to broaden our knowledge about MULE 
dynamics and its evolutionary history in the Poaceae 
using the two MULE subclasses as clues and many 
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accessions in the Poaceae.  PCR and genomic DNA blot 
analysis were carried out to investigate the distribution 
of each subclass of MULE.  Patchy distribution of both 
subclasses of MULEs were observed in the Poaceae.  
Distribution patterns were different between the two 
MULE subclasses, showing their different evolutionary 
history.  Sequences of MULEs amplified from selected 
species were determined and subjected to phylogenetic 
analysis.  MULE phylogeny of subclasses II was almost 
consistent with the predicted phylogeny of the host 
species whereas the phylogeny of subclass I MULEs 
was partially inconsistent with the phylogeny of the host 
species.  Possible horizontal transfer of subclass I 
MULE between Coelachyrum yemenicum and Digitaria 
was strongly suggested. 
MATERIALS AND METHODS 
To investigate MULE dynamics in the Poaceae, 114 
accessions of 71 species of the grass family representing 
eight tribes and four subfamilies were used as plant 
material (Table 1).  Total DNA was extracted from 
young leaves of each accession.  To differentially 
amplify the conserved transposase region of each MULE 
subclass, specific primer pairs for subclass I and II were 
designed by comparing between sequences of both 
subclass MULEs of T. urartu.  For subclass I, forward 
and reverse primer sequences were 5’-
ATCCACTTGCTTTTGGGTTCA-3’ and 5’-
TCTGGATTGAAGACACACCTCA-3’, respectively.  
For subclass II, forward and reverse primer sequences 
were 5’-GGTTCATGATCCAGTTGAAAA-3’ and 5’-
GGCAGTGTTGAATGCTGA -3’, respectively.  PCR 
composed of 32 cycles was carried out. Each cycle 
consisted of 94°C for 1 min, 50°C for 1 min and 72°C 
for 2 min.  PCR products from all accessions were 
subjected to DNA gel blot analysis to exclude false 
positives.  Genomic DNA gel blot analysis was carried 
out on a subset of the accessions.  In both DNA gel blot 
analyses MULEs isolated from T. urartu were used as 
probes.  After cloning of DNA fragments amplified from 
selected accessions, their nucleotide sequences were 
determined.  BLAST searches were conducted using 
these nucleotide sequences as queries to detect 
homologous sequences. Phylogenetic analysis was 
performed of both MULE subclasses by the NJ method.  
The ratios of the number of non-synonymous 
substitutions per non-synonymous site (dn) to the 
number of synonymous substitutions per synonymous 
site (ds) were estimated between MULEs of 
Coelachyrum yemenicum and two species of the genus 
Digitaria, D. ciliaris and D. setigera. 
RESULTS AND DISCUSSION 
Distribution of the two subclasses of MULEs     To 
investigate the presence or absence of each subclass of 
MULE, PCR analysis was carried out using specific 
primer pairs constructed for amplifying the conserved 
transposase region.  DNA gel blot analysis of amplified 
DNA fragments was carried out to exclude false 
positives.  As a consequence, this DNA gel blot analysis 
could detect PCR products invisible by staining with 
ethidium bromide, suggesting the presence MULEs with 
low homology.  Genomic DNA blot analysis was 
additionally performed for the same purpose in the 
selected accessions, and no incongruity to the result 
obtained by PCR analysis was observed.  As a whole, 
distributions of both subclass MULEs were patchy 
within the Poaceae (Table 1).  Both subclasses of 
MULEs existed in all accessions of the tribes Triticeae 
and Bromeae.  In addition, subclass I MULE existed in 
the genus Oryza of the subfamily Ehrhartoideae and in 
about a half of the accession of the tribe Paniceae of the 
subfamily Panicoideae.  Interestingly, only Coelachyrum 
yemenicum possessed subclass I MULE with high 
homology within the subfamily Chloridoideae; C. 
piercei which is in the same genus, did not possess it.  
Subclass II MULE also existed in the tribe Aveneae and 
the three genera of the subfamily Chloridoideae, i.e., 
Eleusine, Sporobolus and Chloris.  These distribution 
patterns suggested that subclass I and II MULEs 
differentiated before the clade including the subfamilies 
Ehrhartoideae/Pooideae and the clade including the 
subfamilies Panicoideae/Chloridoideae separated.  
Furthermore, the distribution patterns were different 
between the two MULE subclasses.  This result 
indicated that each MULE subclass followed a distinct 
evolutionary history including different transmission and  
loss events.  
 
Phylogeny of two subclasses of MULEs     Many 
homologous sequences from the genus Oryza were 
detected by Blast searches using subclass I MULEs as 
Table 1  Distribution of subclass I and subclass II MULEs in Poaceae
Subfamily Tribe Genus Total   sabclass I  subclass II
No. Acc. + ± + ±
Ehrhartoideae Oryzeae Oryza 12 11 1 12
Pooideae Triticeae Triticum 12 12 12
Aegilops 5 5 5
Secale 3 3 3
Hordium 3 3 3
Bromeae Bromus 3 3 3
Aveneae Avena 3 3 3
Phalaris 4 4 4
Panicoideae Andropogoneae Zea 2 2 2
Sorghum 2 2 2
Paniceae Setaria 11 9 2 11
Echinochloa 2 2 2
Panicum 3 1 2 3
Digitaria 3 3 3
Pennisetum 12 4 8 12
Cenchrus 3 3 1 2
Chloridoideae Eragrostideae Eleusine 9 1 8 9
Coelachyrum 2 1 1 2
Eragrostis 4 1 3 4
Fingerhuthia 2 2 2
Sporobolus 2 2 2
Leptochloa 2 2 2
Tridens 2 2 2
Trichoneura 1 1 1
Chlorideae Bouteloua 3 3 3
Chloris 4 1 3 3 1
+: detectable by PCR, ±: detectabel by DNA blot hybridization to PCR products
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queries.  These Oryza MULEs composed a large cluster 
in the phylogenetic tree, while a majority of the MULEs 
detected by PCR composed another large cluster.  The 
phylogeny of subclass I MULEs showed a few 
inconsistencies with the phylogeny of the host species.  
Subclass I MULEs isolated from O. minuta by PCR 
were not classified into a large cluster consisting of 
Oryza MULEs.  Instead, these subclass I MULEs were 
classified into another large cluster consisting of MULEs 
of the subfamily Pooideae and Panicoideae.  MULEs 
with noticeable similarity, however, were not found in 
the cluster.  Subclass I MULEs isolated from C. 
yemenicum were classified into a cluster consisting of 
MULEs from the tribe Paniceae of the subfamily 
Panicoideae, although C. yemenicum belongs to the 
subfamily Chloridoideae.  These subclass I MULEs of 
C. yemenicum were highly similar to MULEs of D. 
ciliaris and D. setigera.  The highest pair-wise identity 
was 97.8%.  Panicoideae and Chloridoideae 
differentiated about 28 Mya (9).  Thus, the observed 
identity was surprisingly high.  On the other hand, no 
homologous sequences were detected by BLAST search 
using subclass II MULEs as queries.  This result 
indicated that subclass II MULE was a novel type.  
Isolated subclass II MULEs by PCR were divided into 
two large clusters; one consisting of MULEs from the 
subfamily Pooideae and the other consisting of MULEs 
from the subfamily Chloridoideae. A noticeable 
contradiction was not observed between phylogeny of 
subclass II MULEs and that of the host species.   
 
Possible horizontal transfer of two subclasses of MULEs     
Although distribution of subclass II MULEs within the 
Poaceae was patchy, its phylogeny was largely 
consistent with the phylogeny of the host species.  A 
patchy distribution of subclass II MULE can be 
accounted for by vertical transmissions and stochastic 
losses.  Subclass I MULEs of O. minuta showed closer 
relationship to MULEs from the subfamily Pooideae and 
Panicoideae than to those of other species of the genus 
Oryza.  Subclass I MULE with significant identity to 
those of O. minuta, however, was not found.  In this 
study, we used only species of the genus Oryza as plant 
materials from the subfamily Ehrhartoideae.  Further 
investigation using other species belonging to the 
subfamily Ehrhartoideae may help identify more similar 
MULEs.  At least O. minuta seemed to possess subclass 
I MULEs that belong to a different lineage from those 
existing in other species of Oryza.  Other Oryza species 
might have lost MULEs of this sublineage.  In the 
present study, only C. yemenicum was found to possess 
subclass I MULEs with high homology in the subfamily 
Chloridoideae.  Even C. piercei belonging to the same 
genus did not possess subclass I MULEs.  Subclass I 
MULEs of C. yemenicum demonstrated significantly 
close relationship to MULEs from the subfamily 
Panicoideae in the phylogenetic analysis.  D. ciliaris and 
D. setigera possessed subclass I MULEs showing 
surprisingly high identity of 97.8% to those of C. 
yemenicum.  To examine whether this high identity 
results from selective constraint, dn/ds ratios were 
calculated.  An average dn/ds ratio was 0.66, which is 
close to 1.0.  Thus, these subclass I MULEs would be 
neutral.  These results strongly suggested that horizontal 
transfer of subclass I MULE occurred between C. 
yemenicum and Digitaria.  Overlapping geographical 
distributions of these two species also support this 
hypothesis.  Horizontal transfer of MULE between 
Setaria and O. sativa has recently become evident (10) 
as the first report of horizontal transfer of a transposable 
elements among plants.  Identity between MULEs of S. 
faberi and O. sativa was 90% in a nearly whole 
transposase-coding region, and 89% in the conserved 
transposase region subjected in our analysis.  Horizontal 
transfer of MULE seems to have occurred more recently 
between C. yemenicum and Digitaria than between 
Setaria and O. sativa, because the observed identity 
between MULEs of C. yemenicum and Digitaria was 
higher than that between Setaria and O. sativa.   
REFERENCES 
1. Robertson DS (1978) Characterization of a Mutator 
system in maize. Mutat Res 51:21-28.   
2. Walbot V (2000) Saturation mutagenesis using 
maize transposons. Curr Opin Plant Biol 3:103-107. 
3. Lisch D (2002) Mutator transposons. Trends Plant 
Sci 7:498-504. 
4. Walbot V and Rudenko GN (2002) MuDR/Mu 
transposable elements of maize. In: Craig NL, 
Craigie R, Gellert M and Lambowitz AM (eds) 
Mobile DNA II. ASM Press, Washigton DC, pp 
533-564. 
5. Yoshida S, Tamaki K, Watanabe K, Fujino M and 
Nakamura C (1998) A maize MuDR-like element 
expressed in rice callus subcultured with proline. 
Hereditas 129:95-99. 
6. Asakura N, Nakamura C, Ishii T, Kasai Y and 
Yoshida S (2002) A transcriptionally active maize 
MuDR-like transposable element in rice and its 
relatives. Mol Genet Genomics 268:321-330. 
7. Asakura N, Yoshida S, Mori N, Ohtsuka I and 
Nakamura C (2008) Sequence diversity and copy 
number variation of Mutator-like transposases in 
wheat. Genet Mol Biol in press. 
8. Lisch DR, Freeling M, Langham RJ, Choy MY 
(2001) Mutator transposase is widespread in the 
grasses. Plant Physiol. 125:1293-1303. 
9. Gaut BS (2002) Evolutionary dynamics of grass 
genomes.  New Phytologist 154:15-28.  
10. Diao X, Freeling M and Lisch D (2006) Horizontal 
transfer of a plant transposon. PLoS Biol 4:119-128. 
